The development of rapid, sensitive, and specific diagnostic assays for the detection of Mycobacterium tuberculosis in clinical samples is a major priority in the control of tuberculosis, a disease which is claiming an ever-increasing number of victims worldwide (1) (2) (3) . The design of new tests must overcome the difficulties present in routine diagnosis, such as the large number of bacilli required for positive microscopic identification in Ziehl-Neelsen-stained slides, the low level of specificity provided by direct diagnosis with smears of clinical samples, and the slow growth of mycobacteria in selective media (14) . Additionally, rapid diagnosis is essential for the sequestering of patients until they are no longer infectious.
A differential identification of the type of mycobacteria present in patients is also important for the control of the disease, since only then can a rapid initiation of effective antituberculosis treatment be achieved. Epidemiologically, moreover, the differentiation between M. tuberculosis and other members of the M. tuberculosis complex and nontuberculous mycobacteria would also be desirable. In the last decade the PCR (27) has proven to be a useful tool for the direct identification of mycobacteria in either cultured strains or uncultured clinical samples (5, 8, 10, 18, 32) . The available PCR techniques are based either on the amplification of common sequences able to identify mycobacterial DNA (12, 30, 33) or on the amplification of sequences present in the strains of the so-called M. tuberculosis complex, which includes the humanpathogenic species M. tuberculosis, Mycobacterium bovis, and Mycobacterium africanum (25, 28) . On the basis of the nucleotide sequence of the MTP40 species-specific protein of the tuberculosis bacillus (24), we have developed a PCR technique which specifically amplifies a 396-bp fragment from the M. tuberculosis genome (7) . However, although these assays have been shown to be useful in the diagnosis of tuberculosis, some limitations are now apparent. For example, when primers are used to amplify a genus-specific sequence, individual probes which hybridize to the amplicon are needed to identify the species. Similarly, when primers are used to amplify a region specific to the M. tuberculosis complex, those strains that are actually M. tuberculosis are not distinguished. Finally, when the MTP 40 species-specific primers are used, M. bovis and M. africanum, which cause human tuberculosis, are not detected.
The present paper describes a novel PCR assay which involves the use of three sets of primers, each annealing to different bacterial genomic fragments. The system has allowed us to discriminate between M. tuberculosis, M. bovis, and other, nontuberculous mycobacteria, thus providing in a single step an accurate diagnosis of the mycobacterial diseases caused by the most common human-pathogenic mycobacteria. (15) .
MATERIALS AND METHODS
DNA was isolated from both fast-and slowly growing mycobacterial species by the phenol-chloroform method. The DNA was resuspended in 50 l of distilled water after precipitation in isopropanol (7) . Ten microliters of this solution was taken for PCR amplification.
Processing of clinical samples. Sixteen clinical samples of sputum were taken from patients at Santa Cruz Tenerife Hospital, Tenerife, Spain, and analyzed. The specimens were digested and decontaminated by the N-acetyl-L-cysteineNaOH method and concentrated by centrifugation at 3,000 ϫ g for 15 min. After neutralization, the samples were divided for Ziehl-Nielssen staining, culture on selective medium (Lowenstein-Jensen medium; Biomedic), and PCR amplification. The DNA was isolated from a 1-ml sample of sputum by the phenolchloroform method (7) and resuspended in 50 l of distilled water after isopropanol precipitation. Ten microliters of this solution was taken for PCR amplification.
PCR. The targets for the PCR assay were the genes coding for the 32-kDa protein (4) and the MTP40 species-specific protein (24) and the IS6110 insertion sequence (34) . The sequences of the PT1 and PT2 primers used to amplify the species-specific gene were those previously described (7) . For amplification of the IS6110 insertion element, specific primers (IS5 and IS6) were designed by using the Oligo version 4.0 computer program (35) . Specific primers (MT1 and MT2) were also designed to amplify the gene coding for the 32-kDa alpha antigen present in all described mycobacteria (16, 19, 20, 22) . All reactions were performed in a final volume of 50 l containing 100 ng of purified DNA from the reference bacterial strains, 1ϫ reaction buffer (Boehringer Mannheim), 2.5 U of Taq polymerase, 0.2 mM each deoxynucleoside triphosphate, 15 pmol of IS5-IS6, 20 pmol of PT1-PT2, and 10 pmol of MT1-MT2. The reaction was carried out in a Pharmacia LKB-Gene ATAQ Controller thermal cycler (Pharmacia LKB Biotechnology). The cycles included denaturation at 94ЊC for 1 min, annealing at 71ЊC for 90 s, and extension at 72ЊC for 2 min. Afterwards the samples were incubated for 10 min at 72ЊC. In order to establish the lower limit of sensitivity of the multiprimer assay, serial dilutions of M. tuberculosis DNA were amplified with the mixture of the primers.
Analysis of the amplification products. After amplification, 1/10 of the PCR reaction mixture was analyzed by gel electrophoresis in 1% agarose gels (SeaKem; FMC BioProducts, Rockland, Maine) containing 0.5 g of ethidium bromide per ml. For hybridization assays the DNA was transferred to nylon membranes (ZetaProbe; Bio-Rad, Richmond, Calif.) by Southern blotting (31). The membranes were hybridized to the probes overnight at 42ЊC in a solution containing 50% formamide, 0.05 M Na 2 HPO 4 (pH 7.2), 5ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate), 0.2% (wt/vol) sodium dodecyl sulfate (SDS), and 1ϫ Denhardt's solution. After hybridization, the membranes were washed for 15 min in 2ϫ SSC-0.1% SDS at 42ЊC, for 30 min in 1ϫ SSC-0.1% SDS at 42ЊC, and for 30 min in 0.1ϫ SSC-0.1% SDS at 65ЊC and exposed to Kodak X-Omat film at Ϫ70ЊC overnight.
Probes. The products resulting from amplification with the PT1-PT2 and IS3-IS4 primers were directly cloned into the pGEM-T plasmid (Promega. Madison, Wis.). The DNA fragments were labelled by PCR with 25 ng of plasmid DNA-1ϫ PCR reaction buffer (Boehringer Mannheim)-2.5 U of Taq polymerase-0.05 mM each deoxynucleoside triphosphate-40 pmol of [␣-32 P]dCTP (Amersham International plc, Amersham, United Kingdom)-20 pmol of the respective primers. To obtain a genus-specific probe, the DNA was amplified from Mycobacterium gastri with the MT1-MT2 primers and cloned into the pGEM-T plasmid. The insert was purified with a GeneClean kit (Bio 101, La Jolla, Calif.) and labelled with a Rediprime kit (Amersham International).
RESULTS
Design of a multiprimer PCR system. Since in a multiprimer PCR system a proper design of the primers used is essential for a successful DNA amplification, the following aspects were taken into account: (i) that the sizes of the amplified fragments should be different enough to be discriminated in agarose gels, (ii) that the primers should not have potential matching sequences for nonspecific target sites, and (iii) that the optimal DNA-primer annealing temperature should be nearly equal for all template-primer combinations. An ethidium bromidestained gel of M. tuberculosis DNA amplified by the designed multiprimer system is shown in Fig. 1, lane 4 . As expected, three bands, corresponding to a 396-bp fragment resulting from the amplification of the species-specific MTP40 gene, to a 984-bp amplification fragment from the IS6110 insertion sequence present in all mycobacteria from the complex, and to a 506-bp amplification fragment from the alpha antigen gene common to all described mycobacteria, were observed. Lanes 1, 2, and 3 of Fig. 1 show the amplification fragments when the primers were used separately. The sensitivity of the multiprimer PCR assay in ethidium bromide-stained gels was determined to be 1 pg of DNA (Fig. 2, lane 7) . The 396-bp amplification product derived from the MTP40 sequence was observed even when 100 fg of DNA was used (Fig. 2, lane 8) .
Multiprimer PCR with uncultured clinical samples. After standardization of the multiprimer PCR assay with the M. tuberculosis strain, we wanted to assess its usefulness in the direct identification of M. tuberculosis in uncultured clinical samples. We analyzed 16 alkali-treated sputum samples with which a diagnosis had been made by conventional microbiological techniques. The results are shown in Fig. 3 . Six of the samples (A, E, G, M, N, and P) showed the pattern of amplified bands expected for M. tuberculosis bacteria. Sample J showed two bands corresponding to approximate lengths of 500 and 990 bp. Samples A, E, G, N, and P had been identified as containing M. tuberculosis by Ziehl-Neelsen staining and culture. Interestingly, sample M was Ziehl-Neelsen stain negative but culture positive. According to our data, we had to conclude that sample J belongs to the M. tuberculosis complex, excluding M. tuberculosis. The biochemical test done in the (Fig. 4A, lane 1) , two major amplification products of the expected sizes after amplification of M. bovis DNA (Fig. 4A, lane 2) , and one amplification product after amplification of M. avium and M. gastri DNA (Fig. 4A, lanes 3 and 4, respectively) were observed. After amplification of M. bovis DNA, a minor 870-bp band which probably belongs to the IS6110 element was also observed. The specificities of the amplified products were confirmed by molecular hybridization with the PCR radiolabelled probes (PT and IS) and with the genus-specific probe derived from M. gastri (Fig. 4B) . When the multiprimer system was applied to clinical isolates, we determined that the method was able to discriminate between M. tuberculosis, M. bovis, nontuberculous mycobacteria, and pathogenic bacteria not associated with the genus Mycobacterium (Fig. 5) .
DISCUSSION
The PCR has proven to be a useful tool in the diagnosis of tuberculosis, a disease which has always been a serious health problem and the leading cause of mortality among infectious diseases (2) . At present, several PCR techniques have been developed for the direct detection of M. tuberculosis (5, 6, 10) and for the detection of Mycobacterium spp. (9, 33) . The PCR system has been also used as an epidemiological tool in strain classification (13, 23) . A recent blinded study comparing the results obtained for specially prepared standardized samples by different laboratories and different PCR methods demonstrated impressive differences in the results obtained and numerous deficiencies in both sensitivity an specificity (21) . The most widely used target sequence for the diagnosis of tuberculosis has been the IS6110 insertion element present in different numbers of copies in the genomes of species belonging to the M. tuberculosis complex (11, 17, 29) . In fact, PCR tech- In the present report we have demonstrated that by the use of a multiprimer system based on the simultaneous amplification of the species-specific MTP40 gene, the IS6110 insertion element, and the alpha antigen gene, in a single step M. tuberculosis can be identified and distinguished from M. bovis and from other, nontuberculous mycobacteria. The use of the multiprimer system would not have the pitfalls caused by the absence of IS6110 from particular mycobacteria, since DNA fragments corresponding to amplification of the species-specific MTP40 gene and the alpha antigen gene would still be present. The advantage of discriminating M. tuberculosis and M. bovis from nontuberculous mycobacteria in a single step would lie in the possibility of using specific restriction enzymes, as indicated by Telenti et al. (33) , to identify the particular type of mycobacteria under study. Such would be the case for M. avium or M. intracellulare with AccI. We have observed that this enzyme renders two bands after digestion of the amplified product of the M. intracellulare DNA but not the M. avium DNA (unpublished data).
In conclusion, the results presented here demonstrate that this technique can be applied to both cultured and uncultured clinical samples, making the multiprimer PCR system a very powerful tool in the diagnosis of mycobacterial diseases.
